We report here on the segment effects of poly(ethylene oxide)-containing block copolymers (PEO-BCP) on the reduction activity for tetrachloride gold(III) Consequently, the colloidal stability of gold nanoparticles formed in aqueous PEO-PPO-NH 2 solutions was extremely high compared with that in PEO, PEO-PPO-PEO and PE-PEO solutions. In addition, the size of gold nanoparticles formed in aqueous PEO-PPO-NH 2 solutions was much smaller than that in aqueous solutions of PEO-PPO-PEO, PEO or PE-PEO.
Introduction
Nanometer-scale gold particles (gold nanoparticles) have attracted significant attention in the last couple of decades because of their unique properties that are distinct from bulk gold [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In addition, the size, shape and assembly of gold nanoparticles are extremely important features because they substantially affect the physical and chemical properties of the nanoparticles. Therefore, the controllable synthesis of gold nanoparticles with different sizes, shapes and assemblies still remains a very important and challenging issue.
The size, shape and assembly of gold nanoparticles are controlled by judicious combination of the capping agents (e.g., alkylthiols, surfactants and polymers) and reducing agents (e.g., NaBH 4 , hydrazine and ascorbic acid). There are a number of reports on the utilization of organic thiols as capping agents for gold nanoparticles including the pioneering work done by Brust et al. [12] . On the other hand, the block copolymer-and supramolecule-mediated synthesis of gold nanoparticles has been recently developed because the block copolymers and supramolecules can display dual function: the reducing function for metal ions and capping (stabilizing) function for metal nanoparticles formed [13] [14] [15] .
For example, amino-terminated block copolymers [16] [17] [18] [19] [20] , amine-functionalized dendrimers [21] , 3-thiophenemalonic acid [22] , 3-heptadecafluoroctylsulfonyaminopropyltrimethylammonium iodide [23] , poly(ethylene glycol) [24] , poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO) block copolymers [25] [26] [27] [28] [29] [30] [31] and poly(ethylene oxide)-containing block copolymers [32] [33] [34] [35] have achieved the one-step synthesis and stabilization of gold nanoparticles input (e.g., photo-and ultrasound-irradiation) for the [AuCl 4 ] -reduction. We have also demonstrated that the PEO-containing block copolymers (PEO-BCP) such as PEO-PPO block copolymers [25] [26] [27] [28] [29] , amino-terminated PEO-PPO block copolymers [19, 20] and poly(ethylene glycol)-grafted phospholipids [35] can act as efficient reducing and stabilizing agents in the one-step synthesis and stabilization of gold nanoparticles in air-saturated aqueous solutions at ambient temperature in the absence of additional reductant and energy input for the [AuCl 4 ] -reduction. The block copolymer-mediated synthetic method provides advantages in the environmental and economical aspect since the synthetic method requires a simple procedure which is the mixing of metal salt with a block copolymer solution. Also the methodology of block copolymer-mediated metal nanoparticle synthesis offers various possibilities (e.g., variation of block copolymer type, amphiphilic character, concentration, temperature, solvent) to control the size, shape and colloidal stability of metal nanoparticles. However, the roles of the block copolymer for the reduction of metal ions and control of size, shape and colloidal stability of metal nanoparticles formed in solutions are still not clarified. Therefore,
we should obtain a better insight on the reducing and stabilizing functions of block copolymer, and understand the full potential of the block copolymers for further development of the block copolymer-mediated synthesis of metal nanoparticles. In particular, the role of block copolymer segment for the reduction of metal ions and control of size, shape and colloidal stability of metal nanoparticles formed should be evaluated because each segment of block copolymer could exhibit the particular function such as the reducing-and anchoring-function.
In the present work, we examine the gold nanoparticles synthesis from the 
Characterization
The reduction of [AuCl 4 ] -and the formation of gold nanoparticles were monitored by observing changes in the absorption spectra centered at ~220 nm originating from [AuCl 4 ] - [25, 26] and those centered at ~540 nm originating from the surface plasma resonance (SPR) of the gold nanoparticles [36, 37] The interfacial activity (affinity) of block copolymers for gold surface was determined by measuring the amount of polymers adsorbed on quartz crystal resonator with gold electrode (QA-A9M-AU(M), SEIKO EG&G Co., Ltd.) with a quartz crystal microbalance (QCM) (QCM934 system, SEIKO EG&G Co., Ltd.) at 25 °C.
Proposed mechanism on [AuCl 4 ] -reduction and gold nanoparticle formation
It is considered that the formation of gold nanoparticles from [AuCl 4 ] -in the PEO-containing block copolymer (PEO-BCP) aqueous solutions includes three main steps [26] .
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Step [24] .
[
Carboxylate groups have been identified as oxidation products by FT-IR in PEO homopolymer systems [24] after [AuCl 4 ] -reduction.
Step 2 
where (Au 0 ) m -(PEO-BCP) l represents a gold cluster with adsorbed block copolymers.
The adsorbed block copolymers can form pseudocrown ether structures that bind with Step 3 
where K denotes the apparent rate constant of the reduction.
The apparent rate constant, K, thus estimated was plotted in Figure 3 as a function of temperature. The apparent rate constant, K, was larger with the order of PEO-PPO-NH 2 < PE-PEO < PEO < PEO-PPO-PEO in the temperature range of 20-80 °C that we examined (see Figure 3) . This indicates that the reduction activity of 
PEO-PPO-PEO (•), PEO-PPO-NH 2 (□), PEO (○) and PE-PEO (■).
We consider that the reduction activity of PEO-BCP [27] . The lowest reduction activity of PEO-PPO-NH 2 observed in our experimental system is most likely due to the strong interaction among PEO-PPO-NH 2 afforded by hydrogen bonding. It is known that alkylamines bind each other by hydrogen bonding of amino groups [41] .
In particular, PEO-PPO-NH 2 containing the primary amines make strong hydrogen bonding [41] , and the strong hydrogen bonding among amino groups would prevent the ion-dipole interaction between [AuCl 4 ] -and PEO.
Effect of block copolymer segment on stabilization of gold nanoparticles formed
In general, the adsorption of surfactants and amphiphilic polymers on the surface of a growing particle limits the particle growth [42] . At the same time, the adsorption of surfactants and amphiphilic polymers on the particle surface contributes to
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15 the colloidal stabilization of particles in solutions. We found that the amount of block copolymers adsorbed on gold surface in aqueous solutions (measured with QCM system) increased with the order of PEO < PE-PEO < PEO-PPO-PEO << PEO-PPO-NH 2 (see Table 1 ). This indicates that the interfacial activity (affinity) of block copolymers for gold surface in aqueous solutions increases with the order of PEO < PE-PEO < PEO-PPO-PEO << PEO-PPO-NH 2 . In particular, the amount of PEO-PPO-NH 2 adsorbed onto gold surface was more than twice than that of PEO-PPO-PEO, PEO and PE-PEO. The strong affinity and the resulting adsorption of PEO-PPO-NH 2 onto gold surface led to the high colloidal stability of gold nanoparticles in aqueous solutions. Clear red color of solutions and strong SPR originating from gold nanoparticles were observed only in the aqueous PEO-PPO-NH 2 solutions after reaction completed, while less red color solutions and weak SPR of gold nanoparticles were observed in the PEO-PPO-PEO, PEO and PE-PEO system (see Figures 4 and 5) . That is, the gold nanoparticles 
PEO-PPO-PEO (•), PEO-PPO-NH 2 (□), PEO (○) and PE-PEO (■).

Effect of block copolymer segment on morphology of gold nanoparticles formed
In the conventional method of metal nanoparticle synthesis, the adsorption of surfactants and amphiphilic polymers onto particle surface due to their interfacial activity (affinity) restricts the particle growth [42] . In contrast, the adsorption of PEO-BCP onto particle surface contributes to the particle growth in the block copolymer-mediated synthesis of gold nanoparticles presented here because PEO-BCP adsorbed on the gold seeds enables to reduce [AuCl 4 ] -in the vicinity of particle surface [26] . Namely, both the reduction activity and interfacial activity (affinity) of block copolymers must be taken into account for the determination of the particle growth and the resulting morphology of gold nanoparticles. From the reduction activity of block copolymers for [AuCl 4 ] -reduction and interfacial activity (affinity) of block copolymers for gold surface, the PEO-PPO-PEO system is expected to produce larger particles In the case of PEO homopolymer, irregular-shaped gold particles with 20-800 nm containing polyhedral particles and elongated particles were formed in the temperature range 20-80 °C (see Figure 8 ). This would be attributed to the low interfacial activity of PEO homopolymer for gold surface. Formation of irregular-shaped gold particles with diameter ~500 nm and networks in PE-PEO system is also most likely due to the low interfacial activity of PE-PEO for gold surface (see Figure 9 ). finally check the effect of temperature on the particle morphology because the reduction activity and several properties of PEO-BCP (e.g., solubility, interfacial activity, micelle formation, micelle structure) are strongly affected by temperature [43] [44] [45] [46] . Indeed, the gold nanoparticles formed in the aqueous PEO-PPO-PEO solutions became smaller with higher temperature (see Figure 6 ). This suggests that [AuCl 4 -] reduction by PEO-PPO-PEO occurs in the bulk solution rather than on the surface of gold seeds at higher temperature. This is most likely due to desorption of PEO-PPO-PEO from the gold surface caused by increase in the thermal mobility. On the other hand, gold nanoparticles formed in the aqueous PEO-PPO-NH 2 solutions became larger as temperature elevation (see Figure 7) . This suggests that the reduction of [AuCl 4 ] -by PEO-PPO-NH 2 adsorbed on gold seeds is enhanced by temperature elevation. This would be attributed to the synergistic effect of increase in the reduction activity by heating (see Figure 3 ) and the strong affinity of PEO-PPO-NH 2 for gold surface (see Table 1 ). The morphology of gold particles formed in the PEO and PE-PEO systems does not seem to be affected by temperature (see Figures 8 and 9 ).
Conclusions
We have investigated in this work the connections between block copolymer segments (PEO, PPO, NH 2 nanoparticles was achieved in the aqueous PEO-PPO-NH 2 solutions. Furthermore, the high interfacial activity (affinity) of PEO-PPO-NH 2 for gold surface prevented the particle growth, and consequently the smaller nanometer-sized gold particles were formed. These findings should provide insights and offer further opportunities on the synthetic strategy in the block copolymer-mediated synthesis of metal nanoparticles in solutions.
